Abstract-We describe a high performance acoustooptic tunable filter for add-drop application and for signal equalization in WDM telecommunication crossconnects. It results from a thorough investigation in TeO 2 of bulk collinear interaction, the geometry of which, particularly the direction of propagation of the acoustic wave, has been chosen in order to obtain the best compromise between the spectral resolution of the device and the acoustooptic figure of merit. Less than 40 mW of electric power is needed either to deviate 100% of a selected light wavelength at resonance, or to induce a 30-dB attenuation of its intensity. The sidelobes practically vanish for this configuration and the resolution is equal to 0.75 nm (or 94 GHz) for = 1 55 m. Polarization splitters combined with half-wave plates allow to completely get rid of polarization sensitivity problems. The use of optical fibers to collect the signal at the filter outputs, actually contributes to the high performance of the device as a whole. Experiments have been performed by multiplexing three signals in the input fiber, separated by 4, 2, and 1 nm. The transmission of the filter has been examined through the bar and cross state.
I. INTRODUCTION
T HIS study is devoted to collinear acoustooptic interaction in bulk materials and its application to optical telecommunication devices such as filters and equalizers. Several papers [1] - [8] have focused on bulk collinear acoustooptics, but none of them has reported experiments at the 1.55 m Telecommunication wavelength window. Besides, no one has used fiber optics to carry the input and output signals and actually important problems related to insensitivity to light polarization and crosstalk have not been even tackled yet in bulk acoustooptics. We present here an all-fiber device now mature for use in a Telecommunication network in add-drop or signal equalization applications.
In wavelength-division multiplexing (WDM) applications, the large bandwidth of single-mode fibers is tentatively exploited to the maximum. Acoustooptical tunable filters (AOTF) are unique, electronically driven devices for processing many nearby-spaced WDM input signals, simultaneously and independently, and direct them to either of two output ports. Clearly, the use of filtering devices in all-optical and reconfigurable crossconnect nodes, to route the traffic in communication systems requires specific characteristics which are optimized in the present study. Particularly, the insertion losses and the driving power of the filter must be low, as well as the interport and interchannel crosstalk, for the wavelengths transmitted through fibers (around 1.55 m). For application to very dense WDM networks high wavelength resolution is needed, but as the optical beams are collimated, a large angular aperture of the device is not necessary. Since these all-fiber devices are used as in-line components, it is essential that the acoustooptic interaction be independent of the input light polarization. The AOTF operates on the principle of acoustooptic diffraction in a birefringent crystal, here paratellurite (TeO ) [9] , which displays very high figures of merit [10] - [14] in particular interaction configurations, and is available in large volumes. The geometry of the interaction has been chosen here in order to minimize the driving power while maintaining narrow spectral bandwidth and reduced crosstalk. The acoustic and optic beam flows both follow approximately the same path all along their interaction zone. Contrary to the pure collinear interaction where all the interacting beams possess collinear wave vectors [1] , [2] , this situation is often called close to collinear acoustooptic interaction [3] - [7] since only the propagation of the incident light and acoustic energies (Pointing vectors) are parallel. Yet, the wave vectors of the direct and diffracted optical beams are differently oriented, thus allowing an angular separation between them at the cell output. Another remarkable advantage of the collinear interaction is that the sidelobes, which are generally the main cause of crosstalk, practically disappear from the filter transmission as a function of the wavelength [8] .
We start (Section II) with a description of the acoustooptic cell, which is the chief element of the device. The direction of propagation of ultrasonics in TeO is then determined theoretically in order to optimize the device performance. A cell is built according to this optimization and its characteristics are given in Section III. A procedure for rendering the signal insensitive to the light polarization is carried out by inserting simple passive components on the light path. Two fibers are used for light collection of the direct (bar state) and diffracted (cross state) at the cell output. The characteristics of the device as a whole (including acoustooptic cell, input and output fibers, and passive components for polarization insensitivity) are presented in Section IV. Finally, comments on application perspectives of such devices, not only for optical telecommunication but also for fast spectroscopy, are given in Section V. 
II. OPTIMIZATION OF THE COLLINEAR INTERACTION GEOMETRY
The acoustooptic cell of the filter is drawn in Fig. 1 . It consists of a TeO crystal in a special orientation which optimizes the filter characteristics. A piezoelectric transducer is attached to one of the crystal sides using cold indium vacuum welding technology [14] . Only the slower transverse acoustic wave, polarized along [1] - [10] , is excited in the form of a travelling wave since the acoustic beam is absorbed after multiple reflections on the crystal surfaces. The transducer plate surface makes an angle with the optic axis in the (1-10) incidence plane. Fabrication of the transducer bond by cold indium vacuum welding technology required the use of indium, gold, and chromium (for adhesion). Contrary to most previous proposals or attempts [6] , [8] concerning collinear interaction, in the present cell the interaction takes place between the direct acoustic beam and a light beam reflected on the mirror-like transducer ground electrode. According to our own experience, a reflection of the acoustic beam (instead of a light reflection) would induce an increase of more than a factor 2, of the driving RF power as a consequence of strong broadening of this beam, due to high acoustic anisotropy in TeO [15] . Moreover, an ordinary polarized incident light propagates in the crystal as in an isotropic medium even after the reflection on the ground electrode, a process which keeps the polarization unchanged. It is worthwhile pointing out that the geometry we used here, with an ordinary polarized incident light, indeed favors the interaction efficiency and allows the procedure of polarization insensitivity developed in Section IV. Actually, this interaction geometry also differs from the one used previously, since it occurs after light reflection on the metallized surface instead of before as in [7] . The justification of this change in the diffraction geometry is explained in Section IV, when making the device insensitive to the polarization.
The phase velocity and the walkoff angle between the direction of energy propagation and the wave vector of the acoustic beam, are dependent and given by [15] (1) (2) Here, is an elastic anisotropy factor which is equal [9] to 11.78 in the case of TeO , taking , , and expressed in 10 N.m units and the density g/cm . According to (2) , is null for , increases for increasing values of , reaches a maximum for and then continuously decreases to zero with a further increase of from 15 to 90 .
being the Bragg incidence angle (angle between the wave vector and the acoustic wave front), according to Fig. 1 , collinearity between the incident optic and the acoustic energy flows gives the relation [4] , [5] (3)
The situation corresponding to values of the angle of incidence approaching is considered as close to collinear interaction. Let us point out that neither phase velocity nor energy flow of the diffracted beam are strictly collinear with the energy flows of the incident light and ultrasound. Yet, though the interaction is rather quasi-collinear, we will consider it as collinear, for simplicity, from now.
The wave vector diagram is represented in Fig. 2 . The diffraction angle is . The deviation angle of the incident beam is obtained from the triangle formed by the wave vectors , and , of the incident, diffracted and acoustic beams, respectively, and being the ordinary and extraordinary indices and the light wavelength in vacuum. and are the frequency and the velocity of the ultrasound, which are both dependent. Clearly the index of the diffracted beam is given by (4) For m in tellurium dioxide, the basic indices and are and ; obviously . After a few algebraic manipulations, the calculation gives for and small In the calculation of R , L = 4 cm. The figure of merit M is calculated with respect to the maximum figure of merit of silica (1.51 2 10 s /kg). M 2 R values are normalized with respect to their maximum which occurs for = 4 , and therefore can be considered as the best compromise between M and R . For our device we have taken = 4 , accordingly. In this table, the values in the corresponding column are shown in bold-faced type and characterize the parameters of our filter for highly collimated light beams.
Here, is the birefringence of the medium and is the mean value of its refractive index. In addition, the same triangle resolution allows for (6) The most important characteristics of the acoustooptic interaction, from the point of view of the application to optical network, are the driving power and the spectral resolution.
The highest the figure of merit , the lowest the driving electric power of the associated device [11] .
is given by
Here, the effective photoelastic constant is equal to (8) The photoelastic constants are taken from [10] and In case of plane optical and acoustic waves, the value of the resolution ( being the wavelength bandwidth at half maximum) is determined by the number of periods of the photoelastically induced grating intersected by the optical beam during propagation in the crystal [13] , [14] i.e. (9) for the collinear interaction. This resolution is calculated considering a perfect collimated light beam at Bragg incidence and is limited by , the interaction length. The corresponding filtration bandwidth is therefore (9) corresponding to a frequency excursion (9) which depends neither on nor on . The dimension of the crystal along the light beam, represents also the acoustooptic interaction length in the case of collinear interaction. The use of large increases both the modulation index and the resolution. Accordingly it is advantageous to use crystals as large as possible. Yet, we must keep in mind that can hardly exceed 4 cm in available high quality TeO single crystals, thus limiting the resolution of the acoustooptic devices.
In Table I are reported the results of calculation of , ,  , , , , , , , and the multiplication product as a function of in paratellurite for cm, under the conditions of collinear interaction, i.e., for fulfilling (3). As it is not possible to maximize both and for the same value of , we adopted the value of which corresponds to the maximum of , i.e., , as the best compromise. The TeO crystal facet to which the transducer is attached is thus taken according to this plane orientation and the values corresponding to this scattering geometry are reported in bold-faced type in Table I . For , one finds , (inside the crystal), MHz, and nm for m (or kHz). From (6), one calculates the corresponding Bragg angle tolerance which is obviously small for a device angular acceptance. Only very well collimated light beams with an angular divergence much less than 0.03 could fully benefit from the high resolution of the acoustooptic cell given by (9) .
In ordinary experimental situations, one has to take into account the divergence of the light beam which reduces the resolution. Actually, besides the limitation due to the interaction column length, there is another limitation due to the light beam angular divergence and which gives rise to a filtration bandwidth . The total filtration bandwidth is normally (10) Starting from (6), one finds nm/deg (10)
for our interaction geometry in TeO .
Though, on the one hand, the collimation of the light beam plays an important role in the collinear type of diffraction, on the other hand, the scattering process is not noticeably influenced by the acoustic column divergence [7] . This factor will not be taken into account in the resolution expression, accordingly.
III. EXPERIMENTAL RESULTS
, to avoid truncation effects, while benefiting from a rather high collimation. A high collimation of light increases the selectivity of the device as a function of , while increasing the percentage of diffracted light corresponding to the filtered wavelength. This behavior is of course highly desirable in this kind of application. The selectivity is due to the angular tolerance to Bragg angle which is very small in the collinear interaction, especially for long lengths . Actually, far from the beam waist, 86% of the light beam power is confined within a cone of half angle , with in paratellurite. For a waist m, one finds the angle of optical spreading . Taking in (10)′, one obtains nm. The total filtering bandwidth is calculated from (10). For mm, one finds nm. Two kinds of measurements of the direct and deviated beam intensities have given indeed rather different results. The first one concerns the total intensities collected at the acoustooptic cell output, and the second one is obtained by measuring and through output fiber collimators acting now as focusers for signal collection of the signal by the output fiber. Besides their obvious role of signal transport, the output fibers have the advantage to collect only the less inclined light rays, i.e., those whose incidence is the closest to Bragg angle , thus improving the resolution of the device as well as its interaction efficiency for the selected light wavelength. This improvement is obtained at the cost of only a small increase of the device insertion loss.
Without application of fiber collection, we observed for a monochromatic laser line, as much as 95% of diffracted light (Fig. 3) . Actually 5% of the incident light power remains undiffracted, since it corresponds to the most external and inclined rays, which do not fulfill the Bragg matching conditions. The filtered bandwidth measured in these experimental conditions ( mm and m) is 0.9 nm which is exactly equal to the predicted value 0.88 nm calculated here above, in the limit of the experimental errors.
In Fig. 4 we plotted the tuning curve of the filter, i.e., the experimental values of the selected wavelength as a function of the frequency of the RF signal applied to the transducer for ordinary polarized incident light. A remarkable agreement is observed between the theoretical values of the frequency calculated from (6) as a function of and the experimental points for the entire tunability range.
IV. DEVICE CHARACTERIZATION FOR WDM APPLICATIONS
Starting from the results of Sections II and III, we propose here a device basically insensitive to the light polarization which is then thoroughly characterized in terms of resolution, crosstalk, power consumption, insertion loss, speed, and polarization sensitivity. The device is made up of the acoustooptic cell described here above with a single input and two output single-mode fibers. Every fiber emits (or collects) light through its associated microlens in order to always deal with collimated beams during the acoustooptic interaction. The single-mode fiber exit (10-m diameter) being in the focal point of a microlens, the beam waist is then located at the microlens plane. Collimators and focusers (generally identical) are used as matched pairs, to couple light in and out the acoustooptical cell. Between the input and the acoustooptic cell and between the cell and the outputs we inserted simple passive optical components consisting of polarization splitters and half-wavelength plates in order to make the whole filtering device insensitive to the input polarization.
In Fig. 5 , one can see the result of the diffracted signal detected on a spectrum analyzer through a fiber focuser when the acoustooptic cell is illuminated with white light. One measures a filtered bandwidth of 0.75 nm at 3 dB for m, close to the limit nm associated to highly collimated light with mm. The transmission peak which corresponds to ordinary polarized incident light is clearly asymmetric and presents a small and sharp secondary lobe distant of 1 nm from the main peak. This lobe becomes noticeable only for high values of the Raman-Nath parameter ( ). It was observed that its intensity relative to that of the main peak strongly diminishes for lower values of . At 2 nm from the main peak, there is a decrease of more than 30 dB of the residual transmission. The reason why the secondary lobe practically vanishes in our geometry is due to the fact that light propagates only in the central part of the acoustic beam during the interaction. Accordingly, light is not sensitive to acoustic lobes which find place at the periphery of the acoustic beam.
We observed that light collection by means of an output fiber focuser, clearly improves the acoustooptic interaction efficiency. For high acoustooptic modulation indices (Raman-Nath parameters close to ) which correspond to RF electric powers approaching 40 mW, as much as 99.9% of the direct light is deviated in the first order! (See Fig. 6 for the typical wavelength m.) The expression of the Raman-Nath parameter is (11) (the acoustic power) and are related by the electroacoustic conversion factor according to . One calculates from (11), mW for . Compared to the 40 mW measured for the RF electric power at maximum diffraction intensity, one finds dB. In this effective are included possible losses due to acoustic attenuation or beam divergences, during propagation. Transmission of the direct and diffracted output are given by and , respectively, [11] under Bragg conditions ( MHz) A remarkable agreement can be noticed between theory and experiments Fig. 6 . Bar state and cross state of the device. When collecting the output signal of the filter after focusing it in the output fibers, the intensity variations are very close to the theoretical law corresponding to acoustooptic interaction at Bragg incidence I (%) = 100 cos (=2) and I (%) = 100 sin (=2) (continuous line). Here, is the modulation index which is a function of the acoustic power [see (11) ].
for mW for the reference wavelength m. Increasing the electric power to mW, and keeping the same RF frequency, we observed a slight shift of the filtered light to higher wavelengths ( 1 Angstrom), which explains the discrepancy between theory and experiments for mW. Thermal instabilities of the crystal physical parameters are responsible of this slight wavelength shift of the filter, as can be seen in (6) . Anyway, there is no necessity to use electric powers exceeding 40 mW for a single RF frequency operation.
It is worthwhile pointing out that up to now we considered an ordinary polarized ( ) incident light which decomposed after interaction with the ultrasound into a ( ) direct beam and an extraordinary polarized ( ) diffracted beam. In this situation represented in Fig. 2 , the frequency of the diffracted photons is up-shifted. If now the incident light is ( ), Fig. 2 shows that diffraction occurs at a lower acoustic frequency . The diffracted photon energy is down-shifted and light is deviated in space in the opposite direction. In the case of ( ) incident light, the tuning curve of Fig. 4 is shifted to lower frequency by an amount of 1.45 MHz. Accordingly in the investigated wavelength range, which is the range of erbium-doped fiber amplification used in optical telecommunication (1530-1570 nm) there is no overlap between the frequencies corresponding to the tuning frequencies of ( ) and ( ) incident light. It means that, in the collinear configuration, a given acoustic frequency can be resonant with only a single optical mode, each one being defined both by its wavelength and polarization. The ( ) and ( ) mode can therefore be diffracted separately and independently by appropriate RF frequency excitation.
As the ground electrode of the transducer has a completely different reflection coefficient with respect to incident light polarization it is absolutely necessary in the design of the filter to deal with a specific light polarization, preferentially ( ) polarization. As the polarization of light radiated from the input fiber is normally random, the solution consists in application of a calcite polarization splitter which decomposes without losses the incident light into two separate parallel beams, one of them being ( ) and the other ( ) polarized. Then a half-wavelength plate merely transforms the ( ) beam into an ( ) beam. Finally, we obtain a pair of parallel ( ) beams of the same waist, incident on the Bragg cell. After collinear interaction with the acoustic beam, two pairs, one pair of direct and the other pair of diffracted beams, are observed at the outputs. The different output beams are then recomposed by pair following the same optical procedure as described above, but in the inverse order (see Fig. 7 ). We have here proposed a device which is now clearly insensitive to the input light polarization. Furthermore, this property of insensitivity is verified by the experiments, provided that the acoustic beam is homogeneous. We actually measured less than 0.5 dB variations of the signal as a function of the polarization direction.
In order to examine the device in operation, three input laser signals of approximately the same intensities but whose wavelengths are separated by the spectral interval are simultaneously sent on the filter. In Fig. 8 , we considered an interval nm. Fig. 8(a) represents the signal at the direct output with the RF power switched off. Data in Fig. 8(b) represents the signal obtained at this port (bar state) by applying the driving electric power 40 mW at the frequency resonant with nm. This line in between is strongly attenuated (more than 35 dB) with respect to the adjacent signals which actually remain nearly unchanged. If now one considers the diffracted output (cross state) nm is filtered and the other lines are attenuated by more than 25 dB with respect to the selected line [ Fig. 8(c) ]. Similar results [ Fig. 8(d) ] are obtained in the cross state when the resonance is applied to 1554 nm. Clearly the larger the spectral spacing between the suppressed line and the filtrated one, the weaker the intensity of the former at the cross state output. The signals corresponding to laser lines with nm in the bar state and cross state are displayed in Fig. 9(b) and (c), respectively. Similarly, for laser lines separated by nm, the output signals are shown in Fig. 10 (b) and (c). Clearly the filter is much more efficient from the point of view of wavelength selectivity in the bar state of operation than in the cross state since in the bar state, even in the most difficult case ( nm), the resonant line is still attenuated with respect to its neighbors by a factor larger than 30 dB, and tuning the filter to a specific channel scarcely influence the nearest neighbor channels. The use of the cross state for wavelength selection in the case of nm appears less advantageous. Only a much more thorough analysis of the acoustooptic interaction could explain this crosstalk difference between the two outputs for application to very dense WDM networks.
V. FINAL REMARKS AND CONCLUSION
We presented here an all-fiber acoustooptic device for add-drop and equalization applications in WDM networks. This device has been optimized by taking advantage of both the high acoustooptic figure of merit of TeO , and the large dimensions of the crystal, particularly in the direction of interaction. The collinear interaction configuration strongly attenuates the lobes which practically disappear. The direction of propagation of the acoustic waves is chosen in order to obtain the best tradeoff between the efficiency of the interaction and the filter resolution. A very good agreement between theory and experiments is obtained for all the data presented here, particularly the interaction efficiency, the resolution, the tunability, etc.
Let us summarize now the characteristics of the filter of Fig. 7 . For a maximum driving power of 40 mW one can transfer, at resonance, almost all light from one output port to the other The reconfiguration time of the filter is equal to the transit time of the acoustic waves across the crystal length ( 53 s). The bandwidth at half maximum is equal to 0.75 nm and the crosstalk is always restricted to moderate exploitable Fig. 9 . Same as Fig. 8(a)-(c) , except that the three radiations are separated by 2 nm. Note that the lowest wavelength laser line at the input is clearly broader than the other lines. values, in the limit of 1 nm for the mode separation in the WDM network. We cannot expect a substantial improvement of the device characteristics using a single Bragg cell with a single transducer since we are limited by the TeO crystal size but it is nevertheless quite possible to use several Bragg cells of this kind in tandem. Such an arrangement could improve both the resolution and the crosstalk at the diffracted and direct outputs at the cost of only small additional optical insertion losses ( 15%). One can also use several cascaded transducers arranged on the same cell. The different transducers can be excited by the same RF frequency (ies) or by different frequencies according to the required application. Actually sharing out the RF frequencies among several transducers allows either to lower the acoustic power density or to avoid interference between too close channels.
In this paper, we have particularly focused on the photon range 1.530-1.570 m since it corresponds to that of the erbium-doped fiber amplifier (EDFA), which is widely used in optical telecommunication. In equalization applications, only a few mW of driving power are necessary since the EDFA gain shows only 50% variations in the range 1530-1570 nm. It is worthwhile pointing out that the present device can be used in a much larger wavelength interval than the EDFA one. This is indeed very advantageous since optical telecommunication is also expected to broaden the exploited wavelength range by using various types of amplifiers, in order to substantially raise the number of independent channels in the WDM network.
With respect to competing devices of integrated optics, the designed bulk acoustooptic filter does not require special technological achievements (as channel waveguides, proton exchange guides, acoustic waveguides, etc.). This bulk acoustooptic filter is practically free of sidelobes, displays relatively low insertion losses (less than 5 dB), and less heating instabilities as a consequence of much less spatial confinement of both light and ultrasound with respect to the guided wave devices [16] - [19] specially in the case of multichannel selectivity. The material used in our application is TeO , but they are other acoustooptic candidates among anisotropic, high figure of merit crystals. In integrated filter devices, only lithium niobate can be used as a substrate, because high piezoelectric constants are needed for surface acoustic wave generation. The length of the LiNbO crystal used is then about 4 cm, i.e., comparable to that of the TeO crystal in our filter. Accordingly, the "integration" does not display a real diminution of the device size.
The filter device described here, which was initially intended for telecommunication, also possesses all the desirable characteristics for operation in fast spectroscopy applications (Raman scattering, photoluminescence probing). Its high resolution allows the separation of close and narrow lines, and the very low crosstalk is appropriate to get rid of spurious light coming from undesirable wavelengths in spectra. Clearly any range of photons can be probed only by using a piezoelectric transducer with the suitable frequency band, and by scanning the input RF power over it.
